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ABSTRACT
For the past couple of decades, the Parkes radio telescope has been regularly observing
the millisecond pulsars in 47 Tucanae (47 Tuc). This long-term timing program was
designed to address a wide range of scientific issues related to these pulsars and the
globular cluster where they are located. In this paper, the first of a series, we address
one of these objectives: the characterization of four previously known binary pulsars for
which no precise orbital parameters were known, namely 47 Tuc P, V, W and X (pulsars
47 Tuc R and Y are discussed elsewhere). We determined the previously unknown
orbital parameters of 47 Tuc V and X and greatly improved those of 47 Tuc P and
W. For pulsars W and X we obtained, for the first time, full coherent timing solutions
across the whole data span, which allowed a much more detailed characterization of
these systems. 47 Tuc W, a well-known tight eclipsing binary pulsar, exhibits a large
orbital period variability, as expected for a system of its class. 47 Tuc X turns out
to be in a wide, extremely circular, 10.9-day long binary orbit and its position is
∼ 3.8 arcmin away from the cluster center, more than three times the distance of any
other pulsar in 47 Tuc. These characteristics make 47 Tuc X a very different object
with respect to the other pulsars of the cluster.
Key words: globular clusters: individual (47 Tucanae) — binaries: general —
stars: neutron — pulsars: individual (PSR J0024−7204P, PSR J0024−7204V, PSR
J0024−7204W, PSR J0024−7201X)
1 INTRODUCTION
Globular clusters (GCs) are known to be host of a wealth of
radio pulsars: with 146 currently known1, the pulsars in GCs
account for more than 5% of the total known pulsar popula-
tion2 and a large fraction of millisecond pulsars (MSPs, here
? E-mail: ridolfi@mpifr-bonn.mpg.de
1 http://www.naic.edu/~pfreire/GCpsr.html
2 http://www.atnf.csiro.au/research/pulsar/psrcat (version
1.54, Manchester et al. 2005)
defined as those pulsars with spin periods of 10 ms or less).
The population of pulsars in GCs also sharply contrasts with
that of our Galaxy. The main reason is related to the much
higher stellar densities that can be found in GCs, especially
in their cores, which exceed those in the Galactic disk by
several orders of magnitude. Such crammed environments
provide the ideal conditions for the dynamical interaction of
stars in two-body or even three-body encounters, the latter
being the case of a star gravitationally interacting with a
binary system. In this continuous exchange of gravitational
energy, the more massive objects tend to sink towards the
c© 2016 The Authors
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center of the cluster, a phenomenon called mass segregation
(see e.g. Heinke et al. 2005). The process thus greatly fos-
ters a concentration of neutron stars (NS) near the GC core
and, consequently, the formation of exotic binary systems
in which the NS can be spun up (or “recycled”) by accret-
ing matter and angular momentum from the companion star
(Alpar et al. 1982; Radhakrishnan & Srinivasan 1982). The
observational evidence for this process is striking, as over
80% of the GC pulsars known are MSPs and most of them
reside close to the center of their host cluster. Nevertheless,
there are substantial differences in the populations of pul-
sars in different GCs, particularly in the ratio between the
isolated and the binary pulsars. As Verbunt & Freire (2014)
discussed, this ratio seems to be related to the encounter
rate per binary of the GC: the higher the rate, the larger
the fraction of isolated pulsars we are likely to see in the
cluster.
47 Tucanae (also known as NGC 104 and, hereafter,
47 Tuc) is a well known GC visible in the southern sky.
The previous observations of 47 Tuc with the Parkes radio
telescope have provided outstanding scientific results that
include the discovery of 25 radio MSPs (Manchester et al.
1990, 1991; Robinson et al. 1995; Camilo et al. 2000; Pan
et al. 2016), all of which have spin periods smaller than 8
ms. This is a very exceptional population, since only ∼ 7%
of the non-cluster pulsars in the Galaxy have spin periods of
less than 8 ms. As expected from a GC with a relatively low
encounter rate per binary (Verbunt & Freire 2014), a large
fraction (60%) of the pulsars in 47 Tuc are found in binary
systems. This is similar to that for the Galactic non-cluster
MSP population (∼ 67%), but very different from the gen-
eral pulsar population, where the number in binaries is∼ 7%.
The binary pulsars in 47 Tuc include five“Black Widow”pul-
sars (BWPs), with orbital periods of Pb ∼ 0.06−0.4 days and
companion masses of Mc ∼ 0.03−0.05 M, and at least two
eclipsing “Redback” pulsars (RBs) with Pb ∼ 0.1− 0.2 days
and Mc ∼ 0.1 − 0.5 M(see e.g. Freire 2005; Roberts 2013
for reviews on BWPs and RBs). The two categories share
several common features, such as very short orbital periods
(of the order of a few hours), highly recycled pulsars, very
low mass companions that are undergoing mass loss, and,
very often, regular eclipses in the pulsar radio signal. How-
ever, while in BWPs the companion stars have extremely
low masses (Mc . 0.1 M) and are being heavily ablated by
the strong pulsar wind (which can make them almost com-
pletely stripped stars), in RBs the companions are mostly
heavier (Mc ∼ 0.1− 0.5 M), non-degenerate stars and the
mass loss is usually driven by a Roche-lobe overflow.
Of all the 47 Tuc pulsars, 17 have published timing
solutions (Robinson et al. 1995; Camilo et al. 2000; Freire
et al. 2001b, 2003; Pan et al. 2016), which allowed a detailed
study of the dynamics of the cluster (Freire et al. 2001b),
the first detection of ionized gas in a globular cluster (Freire
et al. 2001c), the detection of all the pulsars at X-ray wave-
lengths (Grindlay et al. 2002; Bogdanov et al. 2005, 2006)
and the optical detection of 5 of the 8 known MSP−White-
Dwarf (WD) systems (namely 47 Tuc Q, S, T, U and Y;
Edmonds et al. 2001; Cadelano et al. 2015; Rivera-Sandoval
et al. 2015).
Since the previous publication of radio timing data by
Freire et al. (2003), we have continued timing the millisec-
ond pulsars in 47 Tuc. The main objectives of this long-term
timing programme are diverse, and include: a) avoiding the
loss of phase-connection in the timing of any of the pulsars;
b) monitoring orbital phase variations for the BWP and RB
binaries; this is particularly important not only to under-
stand their unpredictable orbital dynamics, but also in rela-
tion to the previous point, since losing track of the precise
orbital phase can easily cause a loss of phase-connection in
the timing; c) improving the orbital measurements for the
stable MSP−WD binaries, in particular the measurement of
relativistic and kinematic effects; d) improving the determi-
nation of the proper motions of all pulsars, in order to study
the internal dynamics of the cluster; e) determining orbits
and timing solutions for previously known binary pulsars
that still lack them; f) discovering new pulsars. This is part
of a series of papers that will present the results of this long-
term programme. In the work of Pan et al. (2016) and in the
upcoming papers, we address the search for new pulsars. In
the present paper, we have used 16 years of archival data
taken at the Parkes radio telescope to further characterize
four among the faintest binary systems of 47 Tuc, namely
pulsars P, V, W and X, for which an accurate orbital so-
lution (and, hence, also a timing solution) was not known.
Accurate orbital and timing solutions for pulsars R and Y
will instead be presented in Freire et al. (in preparation).
In Section 2 we describe our dataset. In Sections 3 we ex-
plain the two search methods that we have used to re-detect
the four pulsars and we give refined orbital parameters for
all of them. In Section 4 we describe our timing analysis,
whose results are presented and discussed in Section 5. In
Section 6 we summarize our findings.
2 OBSERVATIONS
The dataset used consisted of 519 pointings to 47 Tuc
done with the 64-m Parkes radio telescope, at 414 different
epochs3, between October 1997 and August 2013. All the
observations together amounted to a total of ∼ 1770 hours.
Of the 519 pointings, 438 were longer than 1 hour, whereas
30 were shorter than 10 minutes, these latter mostly being
the result of accidental failures in the observing system.
The observing setup was mostly the same as described
in Freire et al. (2003). The vast majority of the observa-
tions were carried out at a frequency of ' 1.4 GHz us-
ing the central beam of the Parkes Multi-Beam Receiver
(PMB, Staveley-Smith et al. 1996), whose size (full-width
half-maximum, FWHM) is 14.4 arcmin. Occasionally, when
the PMB was not available, we observed 47 Tuc with the H-
OH receiver (FWHM = 14.8 arcmin) at the same frequency.
Another handful of observations were made with other re-
ceivers, namely the “436-MHz” (FWHM = 45 arcmin), the
“660-MHz” (FWHM ' 30 arcmin), the 10-50cm (FWHM =
6.4 arcmin at 10 cm, FWHM = 30 arcmin at 50 cm) and
the METH6 receiver (FWHM = 3.4 arcmin). Until August
3 We call “pointing” a single, continuous, observation of 47
Tuc, that hence corresponds to a single recorded data file.
An “epoch” is instead used as a synonym for “day”. The full
list of pointings with the relative observing parameters can
be found at: http://www3.mpifr-bonn.mpg.de/staff/pfreire/
47Tuc/Observations_Table.html
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1999 we used the PMB filterbank as back-end. When us-
ing the PMB receiver, we had a central observing frequency
fc = 1374 MHz, a bandwidth of 288 MHz divided into 96, 3-
MHz wide, channels and a sampling time of 125 µs. At that
frequency, for a pulsar with the average dispersion measure
(DM) of 47 Tuc (' 24.4 pc cm−3), the dispersive smearing
is 234µs across a single channel, resulting in an effective
time resolution of 265µs. From August 1999 we switched to
a different configuration, and most of the observations were
carried out with the Analogue Filter Bank (AFB) back-end,
with a central frequency fc = 1390 MHz, 256 MHz of band-
width divided into 512, 0.5-MHz wide, channels and a sam-
pling time of 80 µs. For this observing system the dispersive
smearing of the 47 Tuc pulsars is only 37 µs across a single
channel, which gives an effective time resolution of 88 µs.
After summing the signals of the two polarizations and inte-
grating for the time of the chosen sampling interval, all the
data were 1-bit digitized and then recorded onto magnetic
tapes as filterbank files.
3 SEARCHES AND ORBITAL
DETERMINATION
3.1 Accelerated search
We have carried out a deep search of the whole dataset using
a machine endowed with two NVIDIA K20 and two NVIDIA
K40 graphics processing units (GPUs) and a search pipeline
that made use of the GPU-based version4 of the PRESTO5
pulsar search package (Ransom 2001). Each observation was
split into chunks of both 20 and 60 minutes of length. On
each chunk we first ran the rfifind routine to look for bursts
of radio frequency interference (RFI), creating a mask and
filtering out bad frequency channels or time intervals. Then,
again for each chunk, a 0-DM (i.e. without correcting for the
dispersion effect due to the interstellar medium) time series
was created and searched for prominent persistent terres-
trial low-level RFI (dubbed as “birdies”) with a Fast Fourier
Transform. The periodicities found were marked as interfer-
ence, to be ignored during the analysis, and stored in a so-
called “zaplist” file. After that, nine de-dispersed time series
were created for an assumed DM of 23.90 pc cm−3 to 24.70
pc cm−3 with steps6 of 0.10 pc cm−3. The time series were
then searched in the Fourier domain by the accelsearch
routine, summing up to 8 harmonics, with a z-value7 rang-
ing from 0 (absence of acceleration) up to 1200 for the 60-
min chunks and up to 200 for the 20-min chunks. All the
4 https://github.com/jintaoluo/presto2_on_gpu
5 http://www.cv.nrao.edu/~sransom/presto
6 Such interval more than covered the DM range of the pulsars
known in 47 Tuc when the search was done. However, a newly
discovered pulsar, 47 Tuc ab, has a DM of ' 24.94 pc cm−3 (Pan
et al. 2016). This implies that the range of DM’s in 47 Tuc is
larger than what we assumed in the present work. Our current
search effort, to be reported elsewhere, takes this into account,
by significantly broadening the range of DM searched.
7 The z-value is defined as z = T 2obsal/(cP ) where Tobs is the
observation length, al is the pulsar acceleration along the line of
sight, c is the speed of light, and P is the pulsar spin period.
When looking for binaries, accelsearch searches ±z Fourier bins
around a given frequency.
Table 1. Number of detections of the pulsars obtained with the
three different search methods as well as by refolding the whole
dataset with the relative timing solution (reported in Table 2).
PRESTO PRESTO Folding
Pulsar (20-min) (60-min) T0-search (Timing)
47 Tuc P 0 0 4 4
47 Tuc V 0 0 7 19
47 Tuc W 1 1 23 34
47 Tuc X 12 16 − 312
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Figure 1. Period-acceleration diagram for 47 Tuc X. The fit re-
turned an orbital period of Pb ' 10.9 days and a projected semi-
major axis of xp ' 11.9 lt-s for the pulsar orbit.
candidate pulsar-like signals with a detection significance of
σ ≥ 2.0 were recorded onto files, one for each chunk and
each DM.
Once the search was done, we looked for all the candi-
dates with the highest σ values that were detected at periods
close to the known barycentric spin periods of the pulsars
of our sample of interest (namely 47 Tuc P, V, W and X)
and that appeared at multiple DM values. Table 1 shows the
number of detections that we obtained for each pulsar.
3.2 Orbital solution for 47 Tuc X
47 Tuc X is a formerly known, but unpublished, millisec-
ond pulsar that had been discovered in previous searches of
the cluster8. The pulsar had already been found with non-
zero accelerations, indicating the occurrence of a binary mo-
tion. Our PRESTO 20- and 60-min search pipelines produced
a sufficiently large number of new detections of this pul-
sar to allow us to estimate its orbital parameters with the
period-acceleration diagram method, as described in Freire
et al. (2001a). Among the 16 unique epochs at which the
pulsar was detected, we selected the 7 best ones. We then
used the TEMPO9 pulsar timing software to fit these latter
for the barycentric spin period, P , and its first derivative,
P˙ , thus finding a local timing solution for each epoch. After
8 The discovery of 47 Tuc X will be discussed in Freire et al. (in
preparation).
9 http://tempo.sourceforge.net
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converting the P˙ values into radial accelerations al (through
the relation al = cP˙ /P , where c is the speed of light), we
fitted for the orbital period, Pb, and projected semi-major
axis of the pulsar orbit, xp, via eq. (7) and (8) of Freire
et al. (2001a), using the circorbit10 code. The data points
and best-fit curve are shown in Fig. 1. The fit revealed that
the pulsar is in a circular orbit with Pb ' 10.9 days and
xp ' 11.9 lt-s.
3.3 T0-search
As shown in Table 1, pulsars P, V and W were either de-
tected once or not at all in our PRESTO searches. The reasons
for the very low rate of detection are manifold: these pul-
sars are all intrinsically very faint, their orbital periods are
very short (reducing the maximum possible integration time
where the constant acceleration approximation is effective,
see e.g. Ransom et al. 2003) and two of them (V and W) are
eclipsed for a large fraction of the orbit. Only when both the
scintillation and the observed orbital phase interval were fa-
vorable, did we have the chance of detecting these pulsars.
Because of their very compact orbits, comparable with the
length of a single observation, the orbital parameters of pul-
sars P, V, and W were already known at the time of their
discovery with a reasonable degree of accuracy. However,
the uncertainties on their orbital periods, together with the
large orbital variability that some of them show, prevented
us from predicting their correct orbital phases at a later
time. Unlike the uncertainty associated with the projected
semi-major axis, the uncertainty ∆φb(t) on the orbital phase
φb at any time t, grows linearly with time, as:
∆φb(t) =
∆Pb · (t− t0)
P 2b
(1)
where t0 is the epoch at which the orbital period Pb and
its uncertainty ∆Pb were estimated. The uncertainty on φb
translates into an uncertainty in T0, the epoch of passage at
periastron11, in the pulsar ephemerides. This is the reason
why, even knowing the spin periods and the rough values of
the orbital parameters of the three pulsars at the epoch of
their discoveries, we could not simply fold the data to look
for possible new detections: the correction for the Rømer
delay due to the binary motion would be applied with a
wrong orbital phase, thus smearing out the signal.
What we did instead was a search in orbital phase, or,
equivalently, in the value of T0. For this reason we will refer
to it as T0-search throughout the rest of the paper.
First, we created a full-length (i.e. this time we did not
split the observations into chunks) de-dispersed time series
for each observation of our 47 Tuc dataset, at a DM of 24.40
pc cm−3. We chose to use a single value of the DM since,
10 circorbit is part of a suite of codes developed at Jo-
drell Bank, whose list can be found at http://www.jb.man.
ac.uk/pulsar/Resources/tools.html. The circorbit code can
be downloaded from http://www3.mpifr-bonn.mpg.de/staff/
pfreire/programs/circorbit.tar.
11 For circular orbits (as is the case for all the pulsars discussed
in this paper), where the periastron is not defined, T0 is conven-
tionally chosen to coincide with Tasc, the epoch of passage at the
ascending node.
for the purpose of just detecting the pulsars, a more precise
value is unimportant. Then, for each pulsar, we folded all the
de-dispersed time series with an ephemeris that had all the
known parameters fixed, with the exception of T0. The latter
was instead searched, allowing its value to vary between the
epoch of the beginning of the observation, tstart, and tstart +
Pb, where Pb was the (rough) value of the orbital period of
the pulsar considered. The choice of using de-dispersed time
series instead of the original filterbank files is justified by
the huge advantage in computational speed that the former
have over the latter, when folding. To further minimize the
computational costs without degrading the sensitivity of our
search, the choice of the step size was also crucial and will
be now discussed in detail.
3.3.1 Choice of the step size
Let us consider the case of a perfectly circular orbit (as is
practically the case for pulsars P, V and W) and let us as-
sume to know the exact orbital period Pb and projected size
of the orbit xp. Then, if the orbital phase predicted by an
incorrect ephemeris differs from the actual phase φb by a
quantity ∆φb, the applied correction for the orbital Rømer
delay at a time t will be wrong by the quantity:
xp sin[φb(t) + ∆φb]− xp sin[φb(t)] =
A sin
[
2pi
Pb
(t− T0) + ∆φb
2
]
(2)
where the amplitude of the sinusoid is:
A = 2xp sin(∆φb/2) (3)
When folding, the integrated pulse profile will have a
width W ∼ A. If A & P , where P is the pulsar spin period,
the residual orbital modulation will completely smear out
the pulsar signal, resulting in a non-detection.
For this reason, we imposed that the step size in our T0-
search be sufficiently small such that, in the case of the best
trial value, A ≤ P/4, which translates into the condition:
∆φb ≤ 2 arcsin
(
P
8xp
)
. (4)
The resulting total number of steps is thus:
N =
2pi
∆φb
=
pi
arcsin(P/8xp)
. (5)
For pulsars P, V and W, this latter amounts to 262, 4441
and 2601, respectively.
As already mentioned, this calculation is valid under
the assumption of knowing the correct values for Pb and xp.
In general, this is not the case, since our goal is in fact to
obtain a better value for Pb. Incorrect starting values of Pb
and xp introduce additional errors to the applied Rømer de-
lay corrections, which further degrade our sensitivity. This
degradation can be partly compensated by using a finer grid
of values in the T0-search. In our work, in the case of pul-
sars P and W, we started with very good values of Pb and
xp, precise enough to fold an observation correctly, once the
exact value of T0 was determined; for V, instead, the values
were not as precise. In our analysis, in order to maximize
our sensitivity, we decided to use a number of steps which
was ∼ 2 times larger than the values reported above for all
the three pulsars.
MNRAS 000, 1–18 (2016)
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Figure 2. Periodograms for pulsars P, V and W. In each plot the dashed line marks the initial guess of Pb, corresponding to the
best-fit value derived by running TEMPO on the best detection obtained from our T0-search; the dark grey and light grey areas represent
the relative formal 1σ and 2σ uncertainties, respectively. The solid vertical lines indicate the measured T0 values that we used. The
horizontal segments indicate the orbital period obtained by dividing the time interval that they connect by the integer number reported
above them. In each plot, the red line highlights the orbital period that is an integer submultiple of all time intervals.
3.4 Periodograms and improved orbital periods
for 47 Tuc P, V and W
After folding all the observations with all the trial values
of T0, we ordered by signal-to-noise ratio (S/N) the result-
ing archives, that were then inspected visually. From every
archive where we clearly detected the pulsar (see Table 1
for the number of detections obtained with the T0-search for
each pulsar), we extracted the topocentric pulse Times-of-
Arrival (ToAs) and fitted for T0 only with TEMPO, to obtain
a refined value of it for each epoch. These latter were in turn
used to improve the measurement of the orbital period using
the periodogram method described by Freire et al. (2001a),
which essentially consists in finding a value for Pb that fits
an integer number of times between any pair of the measured
values of T0. Fig. 2 shows the periodograms for 47 Tuc P, V
and W.
4 RADIO TIMING
For each pulsar, we constructed a first ephemeris that con-
tained the average barycentric (i.e. referred to the Solar
System Barycenter, SSB) spin period, the nominal position
and proper motion of the cluster, as well as a simple Ke-
plerian (BT) binary model (Blandford & Teukolsky 1976)
with the refined orbital parameters obtained through the
period-acceleration diagram for pulsar X, and through the
T0-search and the periodogram method for P, V and W.
We then used the ephemeris to fold the entire dataset with
DSPSR (van Straten & Bailes 2011). This occasionally al-
lowed us to obtain a few additional detections. After that,
we used the PSRCHIVE pulsar software (Hotan et al. 2004; van
Straten et al. 2012) to extract topocentric ToAs, by cross-
correlating the pulse profiles against a high-S/N template
that we previously built from the best detections (see Tay-
lor 1992 for the description of the method). Integrated pulse
profiles for all the four pulsars are shown in Fig. 3. After
applying the clock corrections of the Parkes radio telescope,
the ToAs were converted by TEMPO and referred to the SSB.
This was achieved by first correcting for the Earth rotation
using data from the International Earth Rotation Service,
and then correcting for the Earth motion around the SSB
using the JPL DE421 Solar System Ephemeris (Folkner et al.
2009). The differences between the observed ToAs and the
values predicted by our preliminary pulsar ephemeris were
then fitted by TEMPO through a weighted χ2 minimization for
the astrometric, rotational and orbital parameters, as well
as for initial arbitrary jumps between groups of ToAs be-
longing to different epochs. The first resulting non-coherent
timing solution was then used to refold the data again, of-
ten yielding new detections of the relative pulsar and, thus,
more ToAs that were then included in the fit. The whole
procedure was iterated a few times until we converged to
the best solution. For two of the pulsars (namely 47 Tuc
W and X) we obtained a phase-connected timing solution,
which is thus capable of unambiguously account for every
single rotation of the source. The best-fit timing parameters
for all the pulsars are reported in Table 2.
5 RESULTS AND DISCUSSION
5.1 47 Tuc P
47 Tuc P is a 3.64-ms binary pulsar in a 3.5-h orbit that was
discovered in a single observation (on MJD 50689) by Camilo
et al. (2000). The authors determined the binary parameters
by extracting 14 ToAs that covered more than one orbit. Our
T0-search yielded an additional 4 detections (of which only
MNRAS 000, 1–18 (2016)
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P V
W X
Figure 3. Integrated pulse profiles of the four pulsars studied.
Each profile is shown over one full rotation. The horizontal bar
on the top right of each panel shows the nominal AFB back-end
sampling interval (80 µs).
one had high S/N and the other three were relatively faint)
from which we were able to extract another 14 ToAs, thus
bringing the total number to 28, over a time span of ∼ 9.8
years. Because of the sparsity of the data, we were unable to
obtain a phase-connected timing solution. Nevertheless, we
were able to fit for the spin period, spin period derivative,
position and binary parameters. We kept the proper motion
fixed to the value of global motion of the cluster. The latter
was calculated as an unweighted mean of the proper motions
of all the 22 pulsars with a timing solution available12, and
resulted in µα = 4.9 ± 0.9 mas yr−1 in right ascension and
µδ = −2.7 ± 0.7 mas yr−1 in declination. We preferred an
unweighted mean over a weighted mean to avoid a global
proper motion biased by the motion of the pulsars with the
most precise timing measurements, as well as to obtain more
realistic uncertainties.
Both the position and spin period derivative are, as ex-
pected, rather poorly determined and their values should be
taken as just indicative. The orbit is correctly described by
a simple Keplerian model, with no evidence of orbital pe-
riod derivatives. This, together with the very low mass of
the companion (Mc ∼ 0.02 M for a pulsar mass of 1.4 M
and an orbital inclination i = 60◦) and the total absence of
radio eclipses, strengthens the hypothesis that 47 Tuc P is
a Black-Widow type system, possibly seen at a low orbital
inclination. Indeed, as pointed out by Freire (2005), some
BWPs have lower mass functions as a result of lower orbital
inclinations, which in turn make the display of eclipses less
12 All the updated timing solutions of the pulsars in 47 Tuc and a
more thorough analysis of their proper motions will be presented
in Freire et al. (in preparation).
likely. On the contrary, systems seen more edge-on appear
to have larger masses and tend to exhibit eclipses.
To measure the DM, we summed in time each of our 4
detections, retaining as many frequency sub-bands as pos-
sible, according to the S/N. From every sub-band we ex-
tracted one time of arrival, for a total of 12 usable ToAs.
The latter were then fitted for the DM only, again allow-
ing arbitrary phase jumps between the different epochs. The
resulting measured DM was 24.29 ± 0.03 pc cm−3, a value
slightly lower than the average, which suggests that the pul-
sar is on the near side of the cluster. In fact, we can obtain a
rough estimate of the distance component along the line of
sight, d‖, through the linear relation found by Freire et al.
(2001c) between the DM and the radial distance from the
plane of the sky containing the center of 47 Tuc. Using this
relation and the measured DM, we infer d‖ ' −1.36 pc, with
the negative sign indicating that the pulsar is indeed placed
between the observer and the cluster center.
No calibration data are currently available to determine
the flux densities of the 47 Tuc pulsars. However, having the
lowest detection rate (0.97%) in our dataset, 47 Tuc P is
probably the faintest currently known pulsar in the cluster.
5.2 47 Tuc V
47 Tuc V is a 4.81-ms binary pulsar in a 5.1-h orbit, first
presented by Camilo et al. (2000). The pulsar was detected
twice in their data (on MJD 51012 and 51055), and the
authors were able to give an estimate of the orbital param-
eters by extracting a total of 11 ToAs. At both epochs the
pulsar was on the near side of its orbit, as the spin period
was increasing during the observations. With the T0-search,
we were able to detect 47 Tuc V in another 7 pointings.
Through our timing analysis as described in Section 4 we
were able to obtain an additional 12 (mostly faint) new de-
tections, bringing the total number to 19. After constructing
a high-S/N template profile, we carefully extracted 88 usable
new ToAs. In total, we had 99 ToAs spanning ∼ 10.7 years.
As for pulsar P, we were unable to obtain phase-connection
with our timing: in addition to the proper motion (set to
the same average value as for P), the large covariances seen
also forced us to not fit for the spin period derivative as
well as for the position, the latter being set to the nomi-
nal cluster center value. However, allowing arbitrary jumps
between groups of ToAs, we derived an incoherent timing
solution that enabled us to measure the spin period and the
binary parameters with good precision. The parameters are
reported in Table 2.
Using the same method as described in the previous
section, we independently measured the DM, obtaining a
value of 24.105± 0.008 pc cm−3, the lowest amongst all the
47 Tuc pulsars. For this DM value, the projected distance
along the line of sight from the cluster center, predicted by
the linear relation of Freire et al. (2001c), is d‖ ' −4.12 pc.
5.2.1 Long-term orbital variability
When timing 47 Tuc V, a simple BT model turned out to
be inadequate to correctly describe the orbit and it was
instead necessary to use a BTX model (D. Nice, unpub-
lished; http://tempo.sourceforge.net), which allows to fit
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Figure 4. Orbital variability of pulsar V (left) and W (right). Top panels: deviation of the epoch of passage at the ascending node from
the prediction of a standard Keplerian model as a function of time. The red line is the theoretical prediction of the BTX model, the black
points are the values measured with timing (see text for the detailed description of the method). Bottom panels: corresponding change
of the orbital period from the reference value as a function of time. Note that this latter is just the time derivative of the red line of the
above panel.
for multiple orbital frequency derivatives. In short, the num-
ber of orbits NBTXb at any given time t is described by a
Taylor expansion:
NBTXb (t) = N0 +
Nd∑
k=0
1
(k + 1)!
f
(k)
b (t− T0)(k+1) (6)
where N0 is an arbitrary constant, Nd is the number of or-
bital frequency derivatives, T0 is the time of passage at pe-
riastron (or at the ascending node, in the case of a circular
orbit), and f
(k)
b is the value of the k-th orbital frequency
derivative calculated at the time t = T0. In the case of 47
Tuc V, in order to achieve a reduced chi-square χred ∼ 1
in the timing residuals, we had to introduce five orbital fre-
quency derivatives.
To study how well the BTX model is actually describ-
ing the data, we followed a method similar to the one used
by Ng et al. (2014) for PSR J1731−1847. For each group of
ToAs (that is, for each detection), we calculated the epoch of
passage at periastron, T pred0 , closest to the mid-point 〈Tobs〉
of the observation, that a simple Keplerian model would pre-
dict. This is equivalent to finding t closest to 〈Tobs〉 in Eq.
(6), after setting to zero all the orbital frequency deriva-
tives. Then, we fitted the ToAs with TEMPO for T0 only, us-
ing a simple Keplerian model (i.e., setting all the f
(k)
b to
zero) in the ephemeris, and keeping all the other parameters
fixed, thus obtaining a measured value T obs0 . The difference
∆T0 = T
pred
0 − T obs0 was then plotted against the sum of
the terms with k ≥ 1 of Eq. (6), which represents the devi-
ations from the Keplerian model. The result can be seen in
the top-left panel of Fig. 4; in the lower-left panel, we show
the consequent predicted change in the orbital period as a
function of time. The strong orbital variability is a common
characteristic among Redback binary systems and it thus
supports the hypothesis that 47 Tuc V belongs to this class,
as already hinted by the mass function and the presence of
eclipses (see Section 5.2.2).
It is important to note that, although the 5-derivative
BTX model used here is able to predict the orbital phase
of 47 Tuc V observations within the time spanned by the
data, it has no predictive capacity outside that range. Also,
the predicted large swing in ∆T0 between MJD∼ 54500 and
∼ 56700 has no data supporting it. For these reasons, we
should not consider this BTX binary model as a faithful
representation of the binary orbit evolution, especially in
those time intervals where the data points are very sparse.
Rather, the model should be seen as a display of the unpre-
dictable orbital variability similar to that observed in other
Redback systems.
5.2.2 Eclipses
In the two discovery observations, Camilo et al. (2000) noted
that the pulsar signal was being irregularly eclipsed over
time scales as short as their 2-min long sub-integrations. Our
new 19 detections allowed us to get a deeper insight into the
morphology and, possibly, nature of the eclipses. Not only
did we confirm the presence of irregular short-lived eclipses,
we also found that the pulsar is always invisible for roughly
50% of the orbit around its superior conjunction, likely being
enshrouded by the gas that the companion star is losing.
The presence of long and persistent eclipses implies
that the system inclination, i, cannot be small and that the
companion is likely non-degenerate. Choosing a conservative
lower limit of i & 20◦ and a pulsar mass of Mp = 1.4 M,
the mass function implies that the companion has a mass
in the range 0.30 M . Mc . 1.17 M, pointing towards a
main sequence type. This range, together with the observed
eclipsed fraction of the orbit of ∆φeclb ∼ 0.5, can be used to
estimate the rough projected size, Rc, of a supposedly spher-
ical obscuring gas cloud through simple geometrical consid-
erations. In the case of a circular, edge-on (i = 90◦) orbit,
this can be expressed by the relation:
Rc = ap(1 + q) sin
(
2pi∆φeclb
2
)
(7)
where ap is the radius of the pulsar orbit and q = Mp/Mc
is the mass ratio. From the previous considerations,
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Table 2. Timing parameters for pulsars P, V, W and X as obtained from fitting the observed ToAs with TEMPO. All the uncertainties
reported are 1σ and are the nominal values calculated by TEMPO.
Pulsar 47 Tuc P 47 Tuc V 47 Tuc W 47 Tuc X
Observation and Data Reduction Parameters
Phase-connected solution? . . . . . . . . . . . . . . . . . . . . No No Yes Yes
Reference epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . 51000.000 51000.000 50000.000 54000.000
Start of timing data (MJD) . . . . . . . . . . . . . . . . . . 50689.609 51012.862 51214.216 50981.881
End of timing data (MJD) . . . . . . . . . . . . . . . . . . . 54260.850 56508.781 54934.047 56508.949
Solar System Ephemeris . . . . . . . . . . . . . . . . . . . . . . DE421 DE421 DE421 DE421
Terrestrial time standard . . . . . . . . . . . . . . . . . . . . . UTC(NIST) UTC(NIST) UTC(NIST) UTC(NIST)
Time Units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TDB TDB TDB TDB
Number of ToAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 99 199 719
Residuals r.m.s. (µs) . . . . . . . . . . . . . . . . . . . . . . . . . 10.43 25.32 10.20 14.51
Binary Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . BT BTX BTX ELL1
Fitted Timing Parameters
Right ascension, α (J2000) . . . . . . . . . . . . . . . . . . . 00:24:20(29) 00:24:05.359a 00:24:06.058(1) 00:24:22.38565(9)
Declination, δ (J2000) . . . . . . . . . . . . . . . . . . . . . . . . -72:04:10(62) -72:04:53.20a -72:04:49.088(2) -72:01:17.4414(7)
Proper Motion in α, µα (mas yr
−1) . . . . . . . . . . 4.9b 4.9b 6.1(5) 5.8(1)
Proper Motion in δ, µδ (mas yr
−1) . . . . . . . . . . -2.7b -2.7b -2.6(3) -3.3(2)
Parallax (mas) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.2132c 0.2132c 0.2132c 0.2132c
Spin Frequency, f (s−1) . . . . . . . . . . . . . . . . . . . . . . 274.49748(2) 207.892963(3) 425.10779625320(5) 209.576694635350(2)
1st Spin Frequency derivative, f˙ (Hz s−2) . . . . -5(3)×10−14 - 1.56415(2)×10−14 -8.0646(3)×10−16
Dispersion Measure, DM (pc cm−3) . . . . . . . . . . 24.29(3) 24.105(8) 24.367(3) 24.539(5)
Projected Semi-major Axis, xp (lt-s) . . . . . . . . . 0.038008(4) 0.74191(2) 0.243443(2) 11.9170570(9)
Orbital Eccentricity, e . . . . . . . . . . . . . . . . . . . . . . . . 0 0 0 –
Longitude of Periastron, ω (deg) . . . . . . . . . . . . . 0 0 0 –
Epoch of passage at Periastron, T0 (MJD) . . . 52912.5481(1) 51803.775137(2) 51585.3327393(2) –
First Laplace-Lagrange parameter, η . . . . . . . . . – – – 4(1)×10−7
Second Laplace-Lagrange parameter, κ . . . . . . . – – – -2(2)×10−7
Epoch of passage at Asc. Node, Tasc (MJD) . . – – – 53278.0247041(2)
Orbital Period, Pb (days) . . . . . . . . . . . . . . . . . . . . 0.147248891(7) − − 10.921183545(1)
Orbital Period derivative, P˙b (10
−12 s s−1) . . − − − 6(2)
Orbital Frequency, fb (s
−1) . . . . . . . . . . . . . . . . . . − 5.45609205(4)×10−5 8.70594798(3)×10−5 −
1st Orbital Freq. derivative, f
(1)
b
(s−2) . . . . . . − -2.34(4)×10−18 -1.26(4)×10−18 −
2nd Orbital Freq. derivative, f
(2)
b
(s−3) . . . . . . − 2.34(6)×10−26 4.0(2)×10−26 −
3rd Orbital Freq. derivative, f
(3)
b
(s−4) . . . . . . − 2.31(6)×10−33 6.3(3)×10−33 −
4th Orbital Freq. derivative, f
(4)
b
(s−5) . . . . . . − -6.7(2)×10−41 -9.2(4)×10−40 −
5th Orbital Freq. derivative, f
(5)
b
(s−6) . . . . . . − 5.6(1)×10−49 6.3(3)×10−47 −
6th Orbital Freq. derivative, f
(6)
b
(s−7) . . . . . . − − -2.7(1)×10−54 −
7th Orbital Freq. derivative, f
(7)
b
(s−8) . . . . . . − − 7.4(3)×10−62 −
8th Orbital Freq. derivative, f
(8)
b
(s−9) . . . . . . − − -1.22(5)×10−69 −
9th Orbital Freq. derivative, f
(9)
b
(s−10) . . . . . − − 9.3(4)×10−78 −
Derived Parameters
Spin Period, P (ms) . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6430207(2) 4.81016762(7) 2.3523445319370(3) 4.77152291069355(5)
1st Spin Period Derivative, P˙ (s s−1) . . . . . . . . 7(4)×10−19 − -8.6553(1)×10−20 1.83609(7)×10−20
Mass Function, f(Mp,Mc) (M) . . . . . . . . . . . . 2.7188×10−6 9.743×10−3 8.764×10−4 1.524×10−2
Minimum Companion Massd, Mminc (M) . . . 0.0176 0.3048 0.1269 0.3616
Distance from Cluster Center, θ⊥ (arcmin) . . . − − 0.087 3.828
Distance from Cluster Centere, θc (core radii) − − 0.242 10.633
aThe position was fixed to the nominal center of 47 Tuc as reported in the SIMBAD database (http://simbad.u-strasbg.fr/simbad/sim-id?Ident=
47+Tuc). bThe proper motion was set to the average value of the 22 pulsars with a phase-connected timing solution available. cThe value of the
parallax was fixed to the value corresponding to a cluster distance of 4.69 kpc (Woodley et al. 2012). dAssuming a pulsar mass of Mp = 1.4 M.
eAssuming a core radius of 0.36 arcmin, as reported in the Harris GC catalogue (http://www.physics.mcmaster.ca/~harris/mwgc.dat).
1.19 . q . 4.59, and thus 1.79 R . Rc . 2.05 R. On the
other hand, the inferred Roche-lobe radius RL of the com-
panion, calculated with the approximate formula by Eggle-
ton (1983), is in the range 0.75 R & Rc & 0.46 R, imply-
ing that the gas is extending far beyond the gravitational in-
fluence of the companion star. Hence, the companion is prob-
ably undergoing continuous mass loss through the Roche-
lobe overflow of its outer layers. We confirm the presence of
frequent, short-lived, eclipses that hide the pulsar over time
scales of minutes when the pulsar is on the near side of its or-
bit (panels 1-2 of Fig. 5). Sometimes the signal disappeared
even for relatively long times (panels 5 and 7), whereas in an-
other occasion (panel 5), the pulse also underwent a visible
delay of roughly ∼ 0.5 ms. Very likely, besides the presence
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Figure 5. Intensity as a function of pulse phase (x-axis) and orbital phase φb (y-axis) for 7 sample detections of 47 Tuc V. As can be
clearly seen, the pulsar is always eclipsed for about 50% of its orbit around the superior conjunction (i.e. φb = 0.25). In addition, several
short-lived eclipses often occur at other orbital phases, sometimes accompanied by excess time delays (panel 5) and sometimes with a
broadening of the pulse (panel 3).
of a large gas cloud surrounding the companion, clumps of
ionized plasma of smaller size are wandering around the bi-
nary, occasionally intercepting the pulsar signal. When the
physical characteristics (density and temperature) of the gas
clump are such that the optical depth at our observing fre-
quency is low, we still see the signal, but delayed because of
the additional contribution to the dispersion measure that
the clump introduces. Given our observing frequency of 1390
MHz, in the case of the 0.5-ms delay seen in panel 5 of Fig.
5, the inferred extra DM is ' 0.24 pc cm−3.
5.2.3 A transitional MSP?
As evident from Fig. 4, the detections of 47 Tuc V ap-
pear clustered in three main groups, separated by two large
gaps of ∼ 6.8 (MJD 51815−54298) and ∼ 6.0 years (MJD
54322−56508), respectively, where the pulsar was never visi-
ble. A similar behavior has recently been seen in the so-called
“Transitional Millisecond Pulsars” (tMSPs), a new subclass
of Redback binary MSPs that periodically switch between
radio-MSP and Low-Mass X-ray Binary (LMXB) phases,
over a time scale of a few years. During the latter phase,
the neutron star accretes matter from the companion, ra-
dio pulsations disappear and the system is much brighter
at X-ray, optical, and sometimes γ-ray wavelengths. The
archetype of this class is PSR J1023+0038, an eclipsing bi-
nary millisecond pulsar which was initially identified as a
cataclysmic variable by Bond et al. (2002), due to its op-
tical spectrum that indicated the presence of an accretion
disk. Subsequently, Thorstensen & Armstrong (2005) pro-
posed that the system was actually a LMXB, a hypothesis
also supported by Homer et al. (2006). A few years later, the
system was seen changing to a radio-MSP state (Archibald
et al. 2009), and then switching back to a LMXB state
(Stappers et al. 2014; Deller et al. 2015). The other two cur-
rently known tMSPs are PSR J1824−2452I in the globular
cluster M28 (Papitto et al. 2013) and the newly discovered
PSR J1227−4853 (XSS J12270−4859 in its LMXB state, de
Martino et al. 2010, 2013; Bassa et al. 2014; Roy et al. 2015).
The strong orbital variability of 47 Tuc V, its persis-
tent and irregular eclipses, the disappearance of its radio
pulsations within intervals of a few years, and the mass of
the companion of the order of ∼ 0.3−0.4 M, are all typical
characteristics of tMSPs that suggest that pulsar V might
indeed be a new transitional millisecond pulsar. To constrain
this hypothesis, we have looked into archival Chandra data
and the literature on optical studies, to search for signs of an
active tMSP. We used two methods: with the Chandra data,
we searched for X-ray outbursts; from the optical studies, we
searched for periodic signals at 47 Tuc V’s orbital period.
Transitional MSPs, during their active LMXB states,
have X-ray luminosities in the range of LX = 10
33 −
1034 erg s−1; such luminous objects would be easily detected
by Chandra anywhere in 47 Tuc. The data considered are
grouped into four widely separated epochs. The first group
of Chandra observations took place on MJD 51619−51620
(Grindlay et al. 2001). These observations were only 19 days
after a detection of pulsations from 47 Tuc V on MJD 51600.
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Figure 6. Timing residuals of 47 Tuc W (top panel) and 47 Tuc X (bottom panel).
Thus, it seems unlikely that pulsar V would be X-ray ac-
tive during this Chandra observation, and the X-ray sources
at 1033 erg s−1 in this observation can be ruled out. The
next two groups of observations were carried out on MJD
52547−52558 and 53723−53743, both in the midst of the
first gap in radio pulsation. No new Chandra sources signif-
icantly brighter than 1031 erg s−1 were seen in these data.
The final Chandra observations occurred in the MJD range
56905−57055, after the radio data considered, and also show
no new bright sources. We point out that there are at least
two caveats that must be considered: a) it is possible that
pulsar V was X-ray active during small fractions of the time
in the radio detection gaps; b) it is possible that the actual
position of 47 Tuc V is beyond the field of view of Chan-
dra. Even though both hypotheses appear unlikely, we are
currently not able to rule them out.
We make reference to three major optical surveys for pe-
riodicities in 47 Tuc: two ground-based, and one using the
Hubble Space Telescope (HST) over a smaller field of view.
The optical light curve of PSR J1023+0038, which has a sim-
ilar orbital period (4.75 h), though slightly lower companion
mass (0.24 M) compared to 47 Tuc V, varies between a
magnitude of Vmin = 17.0 and Vmax = 16.4 in its active
state (Halpern et al. 2013), and between Vmin = 17.7 and
Vmax = 17.35 in its passive state (Thorstensen & Armstrong
2005). Placing PSR J1023+0038 (d = 1.37 kpc, Deller et al.
2012) at the distance of 47 Tuc would suggest Vmin = 19.7
and Vmax = 19.1 in the active state, or Vmin = 20.3 and
Vmax = 20.0 in the passive state. The B- and V -band
photometric variability study of 47 Tuc done by Kaluzny
et al. (2013) covered the entire Parkes beam down to about
V = 20.5, though the core region could not be studied due
to confusion. These observations were obtained primarily in
2009 and 2010 and coincide with the second gap in which
47 Tuc V is not detected, suggesting it may have been in the
active LMXB state of a tMSP. In the LMXB state, the tM-
SPs PSR J1023+0038 and XSS J12270−4859 have sinusoidal
light curves (Coti Zelati et al. 2014; de Martino et al. 2015),
i.e. having a single minimum and maximum per orbital cy-
cle. None of the variables in the study by Kaluzny et al.
(2013) had a period comparable to the 5.1-h orbital period
of 47 Tuc V. The range where Kaluzny et al. (2013) found
variables with similar orbital periods (the faintest variable
detected had Vmax = 19.6) covered the range expected for
47 Tuc V in the active state. This suggests that, if 47 Tuc V
was an active tMSP in 2009-2010 with similar properties as
PSR J1023+0038, it is likely that it would have been de-
tected by the authors, unless 47 Tuc V resides in the core
region.
Weldrake et al. (2004) performed a photometric
variability study of 47 Tuc in September 2002 (MJD
52508−52541), during the first gap in radio detections of
47 Tuc V. They observed for 33 continuous nights, for
10 h/night with 6-min exposure times. The field of view
was 52 arcmin per side, using a single filter that covered the
Cousins V and R bands, and median seeing of 2.2 arcsec.
They detected variables down to a magnitude of V = 20,
but blending prevented them from studying stars within the
central 6 arcmin in radius. Two variables showed interesting
periods of 0.2144 (V80) or 0.2155 (V34) days. V80, at 24
arcmin from 47 Tuc’s center, should not be visible in the
14.4-arcmin wide beam of the Parkes radio telescope, while
V34, at 9.3 arcmin from 47 Tuc’s center, is not too distant
to be plausible, although the period is not an exact match.
V34 is (barely) inside the field of view of Chandra ACIS-I
observations on March 16, 2000 (MJD 51619), and a Chan-
dra HRC-S observation on January 8, 2006 (MJD 53743),
the latter also during the first gap in radio detections of
47 Tuc V. Neither Chandra observation showed a detection,
with upper limits of LX < 3 × 1030 erg s−1 (during 2000)
and LX < 1× 1031 erg s−1 (during 2006). We rule out that
any variable detected by Weldrake et al. (2004) is the coun-
terpart of 47 Tuc V, and note that should 47 Tuc V have
entered an active state in 2002, it would probably have been
detected by this study.
Finally, Albrow et al. (2001) performed a deep search for
MNRAS 000, 1–18 (2016)
A study of four elusive binary pulsars in 47 Tuc 11
-1
 0
 1
 2
 3
 4
-2-1 0 1 2
D
E C
 -  
7 2
 0
4 ’
 5
3 .
2 0
"  (
a r c
m i
n )
RA - 00h 24m 05.359s (arcmin)
47 Tuc W
47 Tuc X
Figure 7. Position of 47 Tuc W and 47 Tuc X (blue dots) with re-
spect to the other pulsars in the cluster (grey dots). The distance
of 47 Tuc X from the nominal cluster center is ∼ 3.8 arcmin, more
than three times that of pulsar C, the second farthest in 47 Tuc.
variable stars in a 8.3-day sequence of HST WFPC2 images,
covering much of the central region of 47 Tuc (roughly 2.5 ×
2.5 arcmin, off-centre). Due to the HST sharp point-spread
function, this study was mostly complete down to V = 22
for > 10% variations. No periodic signals were found that
matched the period of 47 Tuc V. Since this study would have
been sensitive to a signal from 47 Tuc V even in a passive
state, given its predicted optical properties, it is likely that
47 Tuc V is not projected upon the central portion of the
cluster investigated by Albrow et al. (2001). We note that 47
Tuc W, with a shorter orbital period of 3.1 h, was identified
in this dataset by Edmonds et al. (2002) at V = 22.3.
Observational evidence thus suggests that 47 Tuc V did
not turn on as an accreting tMSP during its radio disap-
pearances. Even bearing in mind the aforementioned caveats
relative to the X-ray analysis, the lack of any compelling sig-
nals in the three optical surveys is a strong indication that
47 Tuc V is very likely not a tMSP. If so, the question about
what is causing such long stretches of non-detections still
holds. Scintillation can be ruled out since it acts over much
shorter timescales of hours or days in all 47 Tuc pulsars,
and this was also the case for pulsar V during the intervals
in which it was visible. A similar consideration applies to
the observed eclipses, whose timescales are of the order of
minutes for the short-lived events showed in Fig. 5, or hours
for the regular obscurations seen during about half the or-
bit. We believe that some more fundamental and long-lived
physical process, such as an increase in the rate of mass loss
from the companion star, may have occurred. This may have
resulted in an engulfment of the pulsar, which thus became
invisible until the mass loss switched back to the original
rate.
5.3 47 Tuc W
47 Tuc W is a 2.35-ms binary pulsar in a 3.2-h orbit. Like
pulsars P and V, it was originally discovered by Camilo et al.
(2000), who detected it at a single epoch (MJD 51214) dur-
ing which the favorable scintillation conditions brought the
signal far above the detection threshold. On that occasion,
the pulsar was also eclipsed for a large portion of the obser-
vation. The high S/N of the discovery observation allowed
the authors to extract 12 ToAs and derive a first rough or-
bital solution, which was in turn used by Edmonds et al.
(2002) to obtain the first optical identification of the com-
panion of 47 Tuc W. The association with the radio pulsar
was validated by the optical photometry, which showed si-
nusoidal variations at a period consistent with that derived
at radio frequencies.
Our T0-search produced 23 more detections of the radio
MSP, from which we built a first incoherent timing solution.
This was in turn used to refold the whole dataset, allowing
us to spot the pulsar in another 11 pointings. Thanks to the
large number of detections, we built a high-S/N template
profile that revealed a previously unresolved third peak in
the profile (Fig. 3), which was instead blended with the ma-
jor peak in Camilo et al. (2000). With this template, we care-
fully extracted 187 more ToAs. Our timing data for 47 Tuc
W thus consisted of 199 ToAs, spanning ∼ 10.2 years. The
high number of ToAs, together with their frequent cadence,
allowed us to obtain a phase-connected timing solution. The
timing residuals, shown in the top panel of Fig. 6, had a root
mean square (r.m.s.) of 10.21 µs. The best-fit parameters are
reported in Table 2 and will now be discussed in detail.
5.3.1 Astrometric parameters and dispersion measure
Fig. 7 shows the radio timing position of 47 Tuc W relative
to the nominal center of the cluster and to the other pulsars
in 47 Tuc. With an angular distance of only 0.087 arcmin,
it is the second closest pulsar to the cluster center. As ex-
pected, the measured right ascension (α) and declination (δ)
are both consistent, within 1.1σ, with the optical position of
the companion as measured by Edmonds et al. (2002) on an
Hubble Space Telescope astrometric frame tied to the posi-
tions of the other MSPs in the cluster. The measured proper
motion along the same coordinates, µα = 6.2±0.5 mas yr−1
and µδ = −2.5± 0.3 mas yr−1, is consistent with the global
motion of the cluster, as calculated in Section 5.1, within less
than 1σ. The DM was measured using the same method as
for pulsars P and V and amounts to 24.367±0.003 pc cm−3,
a value that, like in the case of 47 Tuc P, is very close to the
average DM of all the 47 Tuc pulsars. According to the Freire
et al. (2001c) linear relation, this corresponds to a line-of-
sight distance from the cluster center of just d‖ ' −0.21 pc.
This corroborates the hypothesis, already suggested by the
position, that the three-dimensional distance of 47 Tuc W
from the cluster center is very small.
5.3.2 Long-term orbital variability
Also for 47 Tuc W, we needed to use a BTX model to cor-
rectly take into account the pulsar orbital motion. In this
case the number of orbital frequency derivatives that we
had to introduce was nine. We also used the same method
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Figure 8. Intensity as a function of pulse phase (x-axis) and orbital phase φb (y-axis) for 7 sample detections of 47 Tuc W. The pulsar
systematically exhibits eclipses between φb ' 0.09 and φb ' 0.43 that appear to be much more regular than those of 47 Tuc V.
described in Section 5.2.1 to study the long-term orbital vari-
ability. The resulting plot is shown in Fig. 4. The lower panel
shows that the orbital period varies with an amplitude of a
few milliseconds in a quasi-periodic fashion and with a char-
acteristic timescale of roughly 3 years. Contrary to the case
of pulsar V, the coherence (phase-connection) of the tim-
ing solution and the frequent cadence of the data guarantee
that the fitted BTX model is a reasonably faithful descrip-
tion of the actual changes in the orbital dynamics within the
time span considered. However, the inability of the model to
predict the orbital phase outside that range still holds. The
large orbital variability prevents us from using 47 Tuc W as
a probe for the cluster gravitational potential in the vicinity
of the core.
5.3.3 Eclipses and Redback nature
The new 34 detections of 47 Tuc W constitute a good sample
for a qualitative study of the eclipses. As shown in Fig. 8, the
pulsar shows regular eclipses that last for about one third of
its orbit. Using our sample of detections, we measured the
mean eclipse ingress and egress orbital phases to be φingb =
0.09 and φegrb = 0.43, respectively, resulting in the pulsar not
being visible for ∼ 34% of the orbit, on average. The eclipse
is thus centered at phase φb = 0.26, that is about 2 minutes
later than the pulsar superior conjunction (φb = 0.25). Also,
the eclipse egress exhibits, on average, a smoother transition
that is often accompanied by a delay of the pulses, whereas
the ingress transition is generally shorter and more abrupt.
These characteristics are very similar to those found at X-
ray wavelengths by Bogdanov et al. (2005), who proposed
that the X-ray eclipses could be caused by a shock produced
by the interaction of the energetic pulsar wind with the gas
spilling out from the companion via Roche-lobe overflow,
through the inner Lagrangian point (Fig. 2 in Bogdanov
et al. 2005). The gas flow would have a “cometary” shape
due to the orbital Coriolis forces, from which the observed
asymmetry of the X-ray and radio eclipses originate. Our
radio observations are thus in support of this model.
Based on the minimum companion mass of 0.127 M,
in combination with the presence of radio eclipses and of
the strong orbital variability, 47 Tuc W can be classified as
a Redback system.
5.4 47 Tuc X
To obtain the timing solution of 47 Tuc X, we followed an
analogous procedure as for the case of pulsar W. After build-
ing a primitive ephemeris, we refolded our dataset to look
for new detections and new ToAs to add to the TEMPO fit.
After converging to a phase-connected timing solution, we
improved it by iterating the procedure a few more times,
thus not only obtaining new detections (and hence, times of
arrivals) but also improving the quality of the previously ex-
tracted ToAs. The procedure led us to a total of 719 usable
ToAs spanning ∼ 15 years. The timing residuals, which are
shown in the bottom panel of Fig 6, had a r.m.s. deviation
of 14.51 µs. The best-fit parameters are reported in Table 2.
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Figure 9. Chandra X-ray spectrum of 47 Tuc X, fit with a hy-
drogen atmosphere neutron star model: observed data binned by
10 counts/bin (crosses), and best-fit model folded through instru-
mental response (solid line).
5.4.1 Astrometric parameters and dispersion measure
The first remarkable feature of 47 Tuc X is its position of
' 3.83 arcmin away from the cluster center, equivalent to
' 10.63 core radii and ' 1.21 half-mass radii13. This is more
than three times the distance of 47 Tuc C, the previous far-
thest pulsar known in 47 Tuc. Assuming a cluster distance
of 4.69 kpc (Woodley et al. 2012), this corresponds to a pro-
jected linear distance of d⊥ ∼ 5.22 pc. Using the measured
DM of 24.539 ± 0.005 pc cm−3, and the linear relation by
Freire et al. (2001c), we infer d‖ ' 2.37 pc. Such estimate
has to be considered less robust than in the case of the other
three pulsars, since the Freire et al. (2001c) model is only
known to work well in the central regions of the cluster.
The measured proper motion along the two coordinates
are µα = 5.8± 0.1 mas yr−1 and µδ = −3.3± 0.2 mas yr−1.
To these, we can subtract the global motion of the cluster
as calculated in Section 5.1. The motion of pulsar X rela-
tive to the cluster is therefore ∆µα = 0.9± 0.9 mas yr−1 in
right ascension and of ∆µδ = −0.6 ± 0.7 mas yr−1 in dec-
lination. Because of the large errors (which are dominated
by the uncertainty on the GC proper motion) the range of
possible trajectories of the pulsar in the cluster, obtained by
numerically integrating its motion back in time, is too large
to put any firm constraints on the dynamics of this system
in 47 Tuc.
5.4.2 Orbit and mass function
Given the high circularity of the 47 Tuc X orbit and the ab-
sence of strong orbital variability, we opted for the ELL1 bi-
nary model (Lange et al. 2001, N. Wex, unpublished), which
is particularly suitable for systems with very low eccentrici-
ties. The measured values for the first and second Laplace-
13 Assuming a core radius of 0.36 arcmin and a half-mass radius
of 3.17 arcmin, as reported in the Harris GC catalogue (http:
//www.physics.mcmaster.ca/~harris/mwgc.dat).
Lagrange parameters are η ≡ e sinω = (4.1±1.4)×10−7 and
κ ≡ e cosω = (−2.4± 1.5)× 10−7, respectively, correspond-
ing to an eccentricity e =
√
η2 + κ2 = (4.8 ± 1.5) × 10−7.
The measured orbital period and projected semi-major axis
of the pulsar orbit translate into a mass function f(Mp) =
1.52 × 10−2 M. For an assumed pulsar mass of 1.4 M,
this implies a minimum (i = 90◦) companion mass of Mc =
0.36 M and a median (i = 60◦) value of Mc = 0.43 M.
5.4.3 X-ray detection
47 Tuc has been studied repeatedly by the Chandra X-ray
Observatory , but no list of Chandra X-ray sources outside
the half-mass radius has been published. We utilize the deep-
est Chandra observations of 47 Tuc that cover the position
of 47 Tuc X and retain spectral information. These are 4
∼ 65-kilosecond observations done in 2002 using the ACIS-S
array in full-frame mode, described by Heinke et al. (2005)
(the short interleaved subarray observations do not cover the
position of 47 Tuc X). Note that these observations, with a
3.2-s frame readout time, are not sensitive to pulsations at
the X-ray spin period. We downloaded the Level 2 repro-
cessed event lists provided by the Chandra X-ray Center
pipeline reprocessing14, which applied the latest calibration
files to the data. We reprojected the 4 event files to a com-
mon tangent point, constructed an image of the S3 CCD
chip in the 0.3−6 keV energy band, and ran the wavdetect
source detection algorithm.
An X-ray source is clearly detected at the coordinates
α = 00:24:22.416, δ = −72:01:17.29, with astrometric un-
certainty of 0.6 arcsec (90% confidence), consistent with the
radio timing position of 47 Tuc X. At this distance from
the cluster core (3.83 arcmin) source crowding is low, with a
0.1% probability of a chance coincidence based on the local
density of detected sources, so we are confident that this is
the true X-ray counterpart.
We extracted source and local background spectra and
constructed response files for each of the 4 observations, and
combined them. Only 35 counts are attributed to 47 Tuc
X, after subtracting a local background of 12.3±4.6 counts
(the low count rate and relatively high background are due
in part to 47 Tuc X’s position significantly off-axis, reduc-
ing the detector sensitivity and increasing the size of the
point spread function). Therefore, we grouped the spectra by
10 counts/bin (retaining the last underfilled bin) and fitted
only simple spectral models with the XSPEC X-ray spectral
fitting program (Arnaud 1996). In each fit, we included pho-
toelectric absorption by the interstellar medium (the XSPEC
model tbabs) using Wilms et al. (2000) abundances and
Verner et al. (1996) cross-sections, with the hydrogen col-
umn density, NH, fixed to 1.3 × 1020 cm−2 (Gratton et al.
2003; Predehl & Schmitt 1995). We also performed fits to
the unbinned spectra using the C-statistic (Cash 1979), with
consistent results.
A simple absorbed power-law fit is statistically accept-
able, with an inferred photon index of 2.4+0.5−0.4. Such a soft
value for the photon index would be unusual for magne-
tospheric emission from radio pulsars, where the index is
typically between 1 and 2 (e.g. Becker & Aschenbach 2002).
14 http://cxc.harvard.edu/cda/repro4.html
MNRAS 000, 1–18 (2016)
14 A. Ridolfi et al.
22.7 22.6 22.5 0:24:22.4 22.3 22.2 22.1
16
.0
16
.5
-
72
:0
1:
17
.
0
17
.5
18
.0
18
.5
Right ascension
D
ec
lin
at
io
n
Figure 10. A section of the stacked ACS/WFC F435W image
centered on the radio position of 47 Tuc X, which is marked with
a red circle. The radius of the circle is equal to the 3σ positional
error (0.′′21). The star that is indicated with tick marks is the
closest detection to the radio position at a separation of 0.′′3. The
size of the image is 3′′× 3′′. North is up, east to the left.
It is also rather softer than the photon index (1.1−1.7) mea-
sured in cases where the emission is thought to be powered
by a shock between a wind from the donor star, and a pulsar
wind (e.g. Bogdanov et al. 2005, 2010). Thus, it seems likely
that part or all of the X-rays are produced by emission from
one or both heated polar caps, as seen in many MSPs with
similar spin properties and X-ray luminosities (Zavlin et al.
2002; Zavlin 2006; Bogdanov et al. 2006). We therefore fitted
the spectrum with blackbody (for consistency with previous
works) and hydrogen neutron star atmosphere (NSATMOS,
Heinke et al. 2006) models, both of which were good fits.
The X-ray spectrum with the fitted NSATMOS model is
shown in Fig. 9. For the blackbody fit, the inferred temper-
ature is 3.0+1.0−0.8 × 106 K with an inferred equivalent radius
of 0.07±0.05 km. For the NSATMOS model, we fixed the
neutron star mass to 1.4 M, the radius to 10 km, and the
distance to 4.69 kpc (Woodley et al. 2012; Hansen et al.
2013), and allowed the normalization to vary. In this case,
the inferred temperature is 1.9+1.0−0.7×106 K, and the inferred
radius is 0.2+0.4−0.1 km. In either case, the inferred 0.5−10 keV
luminosity is 2.0± 0.6× 1030 erg s−1.
Comparing the spectral fits to the X-ray spectrum of
47 Tuc X with those for other MSPs, we see that the best-
fit temperatures tend to be higher than those for the other
MSPs in 47 Tuc (Bogdanov et al. 2006), while the best-
fit emitting radii are smaller. However, 3 of the 5 MSPs in
NGC 6752 have higher fitted blackbody temperatures, and
smaller best-fit radii, than 47 Tuc X (Forestell et al. 2014).
The remarkably high temperature of 47 Tuc X, as for those
in NGC 6752, could be due to the presence of an undetected
non-thermal spectral component, in addition to the predom-
inating thermal component. The limited statistics preclude
a definite answer.
5.4.4 Characteristic age, magnetic field and spin-down
luminosity
Our timing precision was enough to detect the orbital pe-
riod derivative, which amounts to P˙b = 6± 2× 10−12 s s−1.
This opens the possibility of constraining the intrinsic spin
down of the pulsar, and thus other relevant quantities that
depend upon it. As discussed in Phinney (1993) and Lorimer
& Kramer (2005), a variation of the orbital period can be the
result of multiple effects, many of which contribute equally
also to the observed spin period derivative, P˙ . Others, like
the gravitational wave damping, are much smaller and can
be neglected. In the end, for a system like 47 Tuc X, we can
relate the intrinsic pulsar spin-down, P˙int to only observed
quantities:
P˙int = Pobs
[(
P˙
P
)
obs
−
(
P˙b
Pb
)
obs
]
(8)
where we approximated the intrinsic spin period, Pint, with
the observed one, Pobs. We obtain P˙int = −1 ± 3 × 10−20
at the 3σ level. Because the pulsar must be spinning down,
the real value must be positive. Hence we can put an upper
limit and say that P˙int . 2× 10−20 with ∼ 99% probability.
From this we can also give limits for the spin-down lu-
minosity of the pulsar, Lsd, its characteristic age, τc, and its
surface magnetic field, Bs using equations (3.5), (3.12) and
(3.15), respectively, from Lorimer & Kramer (2005). We find
Lsd . 7 × 1033 erg s−1, Bs . 3 × 108 G and τc & 4 Gyr at
the 3σ level.
5.4.5 Search for the optical counterpart
The location of 47 Tuc X, being almost 4 arcmin away from
the center of 47 Tuc, was observed with HST on only one
occasion. The four images that include the position of 47
Tuc X were taken with the Wide Field Channel (WFC) on
the Advanced Camera for Surveys (ACS) as part of program
GO-12971 (PI: H. Richer). These observations were obtained
on 2013 February 26 between 05:32 and 7:19 UT, and include
two exposures (one of 290 s and one of 690 s) in the F435W
filter, and another two (of 360 s and 660 s) in the F555W
filter. We retrieved these images from the HST archive and
started our data reduction with the flat-fielded flc images,
which are corrected for the degradation of the charge trans-
fer efficiency by the CALACS pipeline version 8.3.0. We pro-
cessed the images with the DRIZZLEPAC software (Gonzaga
et al. 2012) to remove the geometric distortion and create
stacks for each filter. The resulting master images have a
pixel scale of 0.05 arcsec pixel−1. Next, we tied the abso-
lute astrometry to the same reference system as the radio
coordinates, i.e. the International Celestial Reference Sys-
tem (ICRS), using stars in the UCAC2 catalog (Zacharias
et al. 2004). As the UCAC2 stars in the ACS images are all
saturated, we employed the following method. Based on the
cataloged coordinates of 140 UCAC2 stars, we first derived
an astrometric solution for a 30-s V -band image of the clus-
ter taken on 2002 October 29 with the Wide Field Imager
on the ESO/2.2-m telescope at La Silla, Chile. The resulting
solution has r.m.s. residuals of ∼ 0.′′026 in both right ascen-
sion and declination. From this image we selected 24 unsat-
urated and relatively isolated stars in the vicinity of 47 Tuc
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Figure 11. B435 − V555 versus V555 color-magnitude diagram
extracted from a ∼ 1 arcmin2 section of the ACS/WFC images
around 47 Tuc X. The nearest detection to 47 Tuc X is marked
with a large filled circle, and has typical main-sequence−star col-
ors. Photometry is given in the Vega-mag system and has been
converted to absolute magnitudes using an unreddened distance
modulus of (m −M)0 = 13.36 (Woodley et al. 2012) and a red-
dening of E(B − V ) = 0.024 (Gratton et al. 2003). Errors on the
photometry are comparable to the symbol size, and include the
DAOPHOT errors, and the errors on (m−M)0 and E(B−V ). The
sequence of stars with MV555 & 8 and 0.2 .MB435−MV555 . 0.7
are stars in the Small Magellanic Cloud.
X to astrometrically calibrate the 290-s F435W exposure of
GO-12971, resulting in a r.m.s. residuals of 0.′′035 in right
ascension and 0.′′045 in declination. Finally, we transferred
this solution to the stacked F435W and F555W images of the
field around 47 Tuc X with ∼ 500 stars and negligible r.m.s.
residuals (∼ 0.′′01). We used DAOPHOT to extract photometry;
the resulting magnitudes in the F435W and F555W filters
(denoted with B435 and V555, respectively) were calibrated
to the Vega-mag system using the zeropoints provided by the
STScI15. Fig. 10 shows a section of the F435W image around
the radio position of 47 Tuc X, which is marked with a circle.
The radius of the circle represents the 3σ error on the ab-
solute astrometry of the image. Here, σ = 0.′′072 and equals
the quadratic sum of all the astrometric errors mentioned
above, plus the systematic error in the alignment of the
UCAC2 coordinates to the ICRS (about 0.′′010; Zacharias
et al. 2004). The errors on the radio position are negligible.
The star that is closest to 47 Tuc X is located at a separa-
tion of 0.′′3 (4.1σ). In the color-magnitude diagram of Fig. 11,
this star falls right on the main sequence. We consider its
angular offset from 47 Tuc X too large to make this star
a convincing counterpart. Also, the evolutionary path for
such a companion would exclude such a low eccentricity as
we measure (see below). For example, the He WD compan-
ions of five 47 Tuc MSPs that Rivera-Sandoval et al. (2015)
identified with the same method as used here, were all ex-
15 http://www.stsci.edu/hst/acs/analysis/zeropoints
cellently aligned to the radio positions, with a maximum off-
set of 0.016 arcsec (0.2σ). From the faintest detection with
S/N & 3 we estimated the detection limit in the F435W
band. We find that it corresponds to an absolute magni-
tude of MB435 ' 13.7, where we adopted the unreddened
distance modulus (m −M)0 = 13.36 ± 0.02 ± 0.06 (ran-
dom and systematic error, respectively) from Woodley et al.
(2012) and the reddening E(B − V ) = 0.024 ± 0.004 from
Gratton et al. (2003). In the standard MSP formation sce-
nario, the companion to the MSP is a low-mass WD, which
is all that is left of the original donor star after it has lost
most of its envelope during the mass-transfer stage. Based
on the theoretical relation between the WD mass and the
orbital period of the MSP−WD binary, the measured orbital
period of 10.92 days for 47 Tuc X implies a WD mass be-
tween ∼ 0.22 and 0.27 M(Tauris & Savonije 1999; De Vito
& Benvenuto 2010). Based on our non-detection of a WD
near 47 Tuc X and the cooling tracks of 0.2−0.3 MWDs
computed for the metallicity of 47 Tuc (see Rivera-Sandoval
et al. 2015), we find that the lower limit to the age of the WD
must be ∼ 1.7 Gyr for it to remain undetected, assuming the
companion is indeed a low-mass WD.
5.4.6 Formation
Ranking 3rd among the most circular systems with a mea-
surable non-zero eccentricity (after PSR J1909−3744 and
PSR J1738+0333), the circularity of 47 Tuc X is even more
remarkable when related to its long orbital period and to
the fact that it resides in a globular cluster. Indeed, pulsar
X is by far the most circular system ever found in a GC and,
more generally, it is the binary with the lowest eccentricity-
to-orbital-period ratio known, with a value of e/Pb =
4.4× 10−8 days−1 (compared to 7.4× 10−8 days−1 of PSR
J1909−3744 and 9.6 × 10−7 days−1 of PSR J1738+0333).
The eccentricity and the position of 47 Tuc X can give us
important clues about how this system may have formed.
Here we discuss two possible formation hypotheses, where
the main difference is the orbit of the system in the cluster.
In the first scenario, an unrecycled NS near the core of
the GC has a close encounter with a main sequence (MS)
binary, with subsequent chaotic interactions. In such encoun-
ters, the most likely outcome is the high-speed ejection of
the lightest star among the three (likely one of the light
MS stars); by conservation of momentum, the newly formed
NS−MS binary will also recoil. Its orbit around the clus-
ter will become eccentric, and it will spend most of its time
in the outskirts of the cluster. Such an exchange interac-
tion would induce a residual eccentricity. The extremely low
eccentricity of the orbit implies that the circularization oc-
curred after the formation of the current binary, hence the
current companion star must be the former donor that spun
up the pulsar. This is similar to the case of pulsar PSR
J1911−5958A in NGC 6752 (Bassa et al. 2006; Corongiu
et al. 2012). We also note that, if the system has actually
been ejected from the core but is still bound to the cluster, it
will be making many more periodic visits to the central re-
gions of 47 Tuc. Even though the relaxation timescale at the
projected distance of 47 Tuc X is more than 3 Gyr, because
the orbits within the cluster are non-Keplerian, the system
will spend a fairly long time in proximity of the core, thus
significantly reducing the relaxation timescale and, equiva-
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Group # of pulsars Pulsar names Pb (days) Mc (M)
Isolated 10 C, D, F, G, L, M, N, Z, aa, ab - -
Short-Pb 8 I, J, O, P, R, V, W, Y 0.06−0.4 ∼ 0.03
Long-Pb 6 E, H, Q, S, T, U 0.4−2.36 ∼ 0.2
Very-Long-Pb 1 X 10.92 > 0.36
Table 3. Population of pulsars in 47 Tuc.
lently, increasing the probability of dynamically interacting
with other bodies. This would in turn increase the eccen-
tricity of the binary (Phinney 1992). Because 47 Tuc X in-
stead has an extremely circular orbit, the system must be
relatively young. There is nothing unusual in this formation
path − this is the normal evolution for all MSPs in globular
clusters. Most other systems formed in this way eventually
sink back to the core of the cluster, because of dynamical
friction, and eventually reach an equilibrium configuration
dictated by mass segregation (Heinke et al. 2005). This is
the reason why all other MSPs apart from 47 Tuc X lie, at
least in projection, within 1.2 arcmin from the center of the
cluster. The fact that 47 Tuc X is found in the outskirts
would suggest that, since recycling, it has had no time to
sink back to the core, which would in turn indicate that it
was recycled later than the other MSPs in the cluster.
However, despite these two indications that the system
must be young, the optical non-detection introduced a lower
limit on the age of the system of ∼ 1.7 Gyr. This problem is
avoided in the second possible formation scenario, where the
system was born directly in the outskirts. In this case, 47 Tuc
X may have formed in two ways: either from a primordial
MS−MS star that naturally evolved first into a LMXB and
then into the current pulsar−WD binary we see today, or
again from a dynamical encounter that set the system to a
nearly circular orbit around the cluster. In both ways, the
motion in the cluster would be such that the system never
approached the central regions, the probability of dynamical
encounters was low and thus the evolution of 47 Tuc X would
resemble that which happens in the Galactic field, which
naturally retains the low eccentricity obtained after the end
of the recycling phase.
In both scenarios, it is difficult to tell whether the com-
panion is a He WD or a Carbon-Oxygen (CO) WD. The me-
dian mass of the companion, inferred from the mass function,
MWD ' 0.43 M, lies roughly at the border that discrimi-
nates the two types. However, as already mentioned at the
end of Section 5.4.5, the companion mass range predicted
by the Pb −MWD relation for He WDs (Tauris & Savonije
1999) is somewhat lower than the minimum mass derived
from the mass function, thus making a CO WD type more
likely.
Regardless of the formation history and the nature of its
companion, 47 Tuc X does not belong to any of the groups of
pulsars so far discovered in the cluster (see Table 3). How-
ever, this is quite understandable: its position in the out-
skirts of 47 Tuc enables it to maintain a long orbital period
for a long time without binary destruction, while the other
pulsars, closer in, would likely be ionized (thus leaving iso-
lated MSPs) by stellar encounters. 47 Tuc X looks just like
many other MSPs in the field, which are in wide orbits to-
gether with a He WD companion. The dense and ionizing
dynamical environment, generally prevents us from seeing
such systems in globular clusters.
6 CONCLUSIONS
We have presented a study of four binary millisecond pulsars
belonging to the globular cluster 47 Tucanae that, despite
being known, had never been investigated in detail because
of the sparsity of their detections. We have used different
search techniques on 16 years of archival data, which allowed
us to detect each pulsar at many more epochs. Thanks to
these, we were able to time and thus better characterize
the pulsars. For two pulsars, namely 47 Tuc P and V, the
detection rate was still too low to allow us to obtain a phase-
connected timing solution, but we were able to obtain very
precise measurements of their spin periods, DM’s and or-
bital parameters. 47 Tuc V is a Redback-like binary system,
eclipsed for 50% of its orbit. Although its characteristics and
behaviour are quite similar to those of the so-called “tran-
sitional” MSPs, we showed that it seems unlikely that 47
Tuc V actually belongs to the latter class. For 47 Tuc W
and X, we successfully obtained phase-connected timing so-
lutions that allowed a full characterization of both systems.
The former is a well-known Redback that has already been
extensively studied at other wavelengths. Our radio timing
complemented those studies and revealed a strong orbital
variability, as it is often the case for Redbacks. 47 Tuc X
is probably the most peculiar system and stands out for
its long orbital period, its extreme circularity, as well as its
distance from the cluster center, compared to all the other
pulsars in 47 Tuc. We have studied this system in the ra-
dio, X-ray and optical wavelengths and discussed its possible
formation.
The results presented in this work allowed a more com-
plete characterization of the pulsar population of 47 Tuc.
The properties of this population largely conform to the ex-
pectations of Verbunt & Freire (2014) for a cluster with a
low rate of stellar interactions per binary. In such a cluster,
exchange encounters form NS−low-mass MS star binaries;
these are the only type of MS star remaining in any globular
cluster. The slow evolution of such stars and resulting long
(and, in the case of 47 Tuc, undisturbed) accretion episode
then lead invariably to fast-spinning pulsars (as observed
in this and other lower density clusters) in systems similar
to the binary MSPs in the Galaxy: MSP−He WD systems,
Redbacks, Black-Widows and (perhaps evolving from the
latter) isolated MSPs. Indeed, none of the binaries found so
far in 47 Tuc is clearly the result of an exchange interaction.
The only possible exception to this is 47 Tuc X, an unusual
system that could either have resulted from a primordial bi-
nary, or could have formed in an exchange encounter from a
MNRAS 000, 1–18 (2016)
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population of neutron stars that had not yet been segregated
into the core of the cluster.
In the last few years, new and more sensitive observa-
tions of 47 Tuc have been carried out with the Parkes radio
telescope. Even though it is unlikely that these new data will
allow us to obtain a phase-connected solution for 47 Tuc P
in the short term, the chances that this could be the case for
pulsar V look higher. If so, this could help confirm or reject
the hypothesis of a non-transitional nature for the object.
For 47 Tuc X, the extended data span could improve the
measurement of the orbital decay and the proper motion. A
possible major leap in the study of these four pulsars might
soon be possible with the MeerKAT16 telescope (Booth &
Jonas 2012), which, thanks to its position in the southern
hemisphere, will allow a study of 47 Tuc at radio wavelengths
with an unprecedented sensitivity.
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